Characterizing the variation in T cell response. A total of 348 individuals from the ImmVar cohort donated blood for CD4 + T cell isolation and genotyping. The T cells were subsequently activated to mimic the recognition of the cognate antigen. The variability in adaptive immune response, which may have genetic and nongenetic components, was characterized by profiling the response of activated T cells. A computational analysis uncovered genetic drivers for this variation and pinpointed molecular mechanisms by which they may act. 
INTRODUCTION:
The activation of CD4 + T lymphocytes by antigen initiates adaptive immune responses, amplifying rare antigen-specific clones and leading to functional specialization of effector T cells, in particular through the spectrum of cytokines they produce. Pathogens have exerted selective pressure during recent human evolution and migrations, but selection for a type of response that is optimal against one microbe class could carry a price in less-effective responses to other microbes or in impaired self-tolerance and autoimmune disease. Little is known about inter- 
RATIONALE:
As the third arm of the ImmVar project, we performed a rigorously controlled analysis of the responses of human blood CD4 + T cells to activation in unbiased conditions or in a culture regimen that promotes differentiation to the T helper 17 cell (T H 17) phenotype. To permit an appreciation of the breadth of variation across humans, we investigated these responses in a cohort of 348 healthy human volunteers representing three different ancestries (African, Asian, and European). Responses to activation were evaluated by gene expression profiling, focused on the transcripts that best represent the response, its variability, and its functional consequences. Relating these data to dense single-nucleotide polymorphism genotypes from the participants, we identified the genetic contributions to this variation by using heritability analysis and fine-mapped previously unknown expression quantitative trait loci (eQTLs) that control these responses by using trans-ethnic meta-analysis. Aviv Regev, 1, 6 * Christophe Benoist 1,2 * T lymphocyte activation by antigen conditions adaptive immune responses and immunopathologies, but we know little about its variation in humans and its genetic or environmental roots. We analyzed gene expression in CD4 + T cells during unbiased activation or in T helper 17 (T H 17) conditions from 348 healthy participants representing European, Asian, and African ancestries. We observed interindividual variability, most marked for cytokine transcripts, with clear biases on the basis of ancestry, and following patterns more complex than simple T H 1/2/17 partitions. We identified 39 genetic loci specifically associated in cis with activated gene expression. We further fine-mapped and validated a single-base variant that modulates YY1 binding and the activity of an enhancer element controlling the autoimmune-associated IL2RA gene, affecting its activity in activated but not regulatory T cells. Thus, interindividual variability affects the fundamental immunologic process of T helper activation, with important connections to autoimmune disease.
A ctivation of T lymphocytes occurs through the recognition of the cognate antigen presented by molecules of the major histocompatibility complex (MHC) and is arguably the linchpin of the adaptive immune system. This process initiates the amplification of rare T cells specific for a given antigen within the naïve repertoire, which rapidly builds the cell cohorts required for an effective response. T cell amplification also coincides with phenotypic differentiation into various "flavors" of effector CD4
+ T cells, each of which is beneficial in distinct contexts of microbial challenge (1): T helper 1 (T H 1) cells producing interferon-g (IFN-g) and tumor necrosis factor-a (TNF-a) are most effective against viruses and intracellular microbes; T H 2 cells producing interleukin-5 (IL-5) and IL-4/13 are most effective in controlling parasites; T H 17 cells and the IL-17 family cytokines partake in antifungal and antibacterial defenses at mucosal interfaces; and follicular T H cells help B cells to produce high-affinity immunoglobulins. Choices between effector phenotypes are themselves modulated by the cytokine network, such as the reinforcement of the T H 17 identity through IL-23. These pathways also drive major immunoinflammatory diseases. Pathogenic T H 1 or T H 17 cells have been implicated in rheumatoid arthritis, multiple sclerosis (MS), and inflammatory bowel disease (IBD), and T H 2-type responses in asthma and other atopic diseases (1) .
Pathogens exert strong selective pressures during human evolution, including the migrations of the last tens of millennia (2) . Optimal fitness, however, must balance pathogen clearance with the cost to the organism that may result from collateral tissue damage or autoimmune deviation (3, 4) . Akin to the diversification of MHC alleles, it is plausible that selection for responses to different types of pathogens has diversified the overall efficacy and/or functional bias of T cell activation in humans. However, selection for a T H phenotype, advantageous in one environment, might lead to subpar responses to dominant pathogens in other geographic locales, or carry a penalty in terms of self/nonself discrimination and autoimmune diseases. Indeed, there is evidence that genetic variants that influence T cell activation can enhance susceptibility to immunologic diseases (5) (6) (7) (8) , such as the variants in the IL2RA locus, which encodes a key trophic cytokine receptor, associated with MS and type 1 diabetes (T1D) (9) (10) (11) (12) (13) (14) .
Little is known, however, about interindividual variation in the responsiveness of human CD4 + T cells. Are some individuals inherently more responsive to T cell activation or more prone to mount T H 1-or T H 17-biased responses? Genetic variants in regulatory elements that affect transcript abundance can be mapped as expression quantitative trait loci (eQTLs) that associate individual genetic variation with resulting variation in gene expression (15, 16) . Although these can, in principle, facilitate the interpretation of disease-associated variants, most eQTL studies have been performed in cell types or states that are not directly relevant to pathogenic processes involving T lymphocytes.
An experimental and analytic strategy to dissect interindividual variation
We followed a stepwise approach to dissect the variation in the responses of primary T cells in 348 healthy participants of African (91), Asian (74), or European (183) ancestry from the Boston PhenoGenetic Project, which were also analyzed in other arms of the ImmVar study (17, 18) (Fig.  1A and table S1 ). By design, we limited the age range (18 to 56 years) to constrain the effects of age on immune function and sampled the participants in a manner that minimizes variation related to circadian or hormonal secretion rhythms or food consumption ( fig. S1 ). First, we established a rigorously standardized protocol to purify and activate, in a highly parallel mode, fresh CD4 + T cells from human blood. Cells were activated via the T cell receptor (anti-CD3+CD28 beads-hereafter "a3+28") alone or in biasing conditions that favor differentiation to a T H 17 phenotype (supplementation with TGF-b, IL-6, IL-23, IL-1B, anti-IL-4, and anti-IFN-g-hereafter "a3+28/T H 17") or with addition of IFN-b. These conditions allowed us to map interindividual variation in T cell transcriptional responses that mimic activation through the antigen-specific receptor in an unbiased setting or when coerced toward the T H 17 phenotype. Genome-wide expression profiling established the time points to sample (with cells from a pool of donors) and the extent of interindividual variability in these responses (with cells from a set of 15 donors). From these data, we selected the five most informative conditions (stimulus time point pairs) and a set of 236 transcripts (table S2) that best capture the responses and their variance across donors and activation states, as previously described (19) , complemented with transcripts of known importance, including 16 key defining cytokines. We then used direct molecule counting (NanoString Technologies, Seattle, WA) to measure the 236-transcript gene set in CD4
+ T cells from all 348 donors in each of these five conditions. We estimated the stable interindividual variation from a subset of eight donors who were sampled twice and distinguished components attributable to cis genetic or to nongenetic effects (demographic, physical, and environmental) from the 183 donors of European ancestry. Leveraging the enhanced resolution offered by meta-analysis across population groups (20) , we fine-mapped eQTLs that control these responses. On the basis of these results, we validated and dissected molecular interactions around a single-nucleotide polymorphism (SNP) that controls IL2RA expression upon T cell activation.
Interindividual variation in T cell responses, co-regulated cytokine clusters
Genome-wide expression profiling determined the signatures of dynamic T cell activation and differentiation responses to different stimuli in a pool of donors of different genders and ancestries ( Fig. 1 , B and C). After a3+28 activation, we observed successive waves of induction consistent with patterns of responses to T cell activation in vivo (21, 22) (Fig. 1 , B and C), affecting 1750 induced and 456 repressed genes (fold change >1.68; table S3), including proliferation and effector genes (23, 24) . In T H 17-biased conditions, few transcripts (289) were affected that were not already induced in unbiased a3+28 conditions (we did observe the expected overinduction of the IL17 family and, more surprisingly, of IFNG, the prototypical T H 1 cytokine). The 270 genes induced in response to IFN-b peaked between 2 and 4 hours, including canonical IFN-responsive targets. From these data, we selected representative time points at 4 and 48 hours for a3+28, 4 hours for a3+28+IFN-b, and 48 hours for a3+28/T H 17 activations, and unstimulated controls harvested at 4 hours. We determined the extent of interindividual variation in T cell responses across 348 individuals, with NanoString profiling of the 236-transcript set. For cytokine transcripts, there was a generally consistent pattern of responses across individuals [ Fig. 1D ; note the surprisingly early response of many cytokine genes (for example, IL4, IL17A, IL22, and IFNG) and the temporal disconnect between IL17A and IL17F]. There was, however, a spectrum in the extent of interindividual variability ( Fig. 1D ): large for IL3 and IL17A (9.3-and 5.3-fold, respectively) and tight for IL2 and TNF (2.4-fold; for comparison, the range for ACTB was 1.07). Indeed, a set of 14 transcripts, enriched for cytokines and chemokines (13 of 14, P < 1 × 10 −7 ), showed an increase in variance relative to unstimulated baseline, contrary to the bulk of responsive genes whose variance tended to shrink upon activation ( fig. S2 ).
The range of variability in cytokine responses was largely independent of the proportion of CD62L lo "memory" cells in the starting population, despite a slight positive correlation between IL17F and IFNG responses at 48 hours and the proportion of CD62L lo cells (Pearson r = 0.07 and 0.12; fig. S3 ).
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Covariate-adjusted data PCA-adjusted data TGFB1  TNF  IL2  IL24  IL21  IL1B  IL6  IFNG  IL17F  IL17A  IL22  IL10  IL4  IL9  IL1A We asked whether some individuals could be distinguished by "response types," skewed toward the cytokine signature of a particular T H subtype. No simple "T H X-type" individuals emerged from the expression of signature cytokines: The levels of IL17F and IL4 were largely independent (Pearson r = 0.07, P = 0.16), whereas the levels of IL17F and IFNG were positively correlated at 48 hours (Pearson r = 0.6, P < 1 × 10
) (Fig. 2A) . This complexity in individual responses is exemplified by a cluster of donors characterized by higher IL4 and IL9 expression, but which included some high IL17F or IFNG responders as well (Fig. 2B) . Some of the high IFNG responders had low IL4 responses, as would be predicted from classic T H 1/T H 2 opposition, but this was certainly not the norm. These response-defining cytokines are highly repeatable between replicate draws from the same donors ( fig. S4 ).
Some groups of cytokines are co-regulated in mouse T cells in response to particular pathogen challenges. We asked whether similar covariation patterns of cytokine transcripts exist across healthy humans, as affected by genetic and environmental variation. We calculated, for each condition, the pairwise correlation between 16 cytokine transcripts. Early in a3+28 activation, many classic T cell cytokines tended to be correlated, with only limited differentiation of T H 17 cytokines and a well-individualized cluster of inflammatory cytokines (IL1A/B and IL6; Fig. 2C, left) . Clusters became more refined after 48 hours (Fig. 2C , middle), some of which were expected (IL17A/F and IL22), and others more surprising (for example, IFNG with IL21, or IL4 with IL9, IL10, and IL3). Expression of most cytokines still exhibited some degree of positive correlation, perhaps indicative of general responsiveness. Indeed, the distinctions between cytokines became more apparent when the data were adjusted for eight principal components (Fig. 2C, right) .
To test whether variation at early times may be predictive of later outcomes, we computed pairwise correlations between genes across time points ( fig. S5 ) and found a positive correlation between the expression of the IL17 family at 4 hours and IL17F expression at 48 hours and between early IFNG and later IFNG production, indicating that interindividual variation sets the type of response. This early bias was not an amplification of a predetermined state, because there was no correlation with the same in unstimulated samples. Other baseline transcripts were correlated to responsiveness (26) , including the abundance of IFN-I-responsive transcripts (DDX58, IFIH1, and STAT2) predicting later IL17F induction, suggesting an interesting connection between tonic IFN-I signals and the ability to mount IL-17 responses (26).
Contributions of genetics and environment to repeatable variation in T cell response
To estimate the relative contributions of genetic and environmental factors, we first estimated for each gene its intraindividual repeatability with data from eight individuals whose cells were sampled on two different dates and stimulated in the same conditions (Fig. 3A) . The average repeatability (27) (linear mixed model bootstrap R T SE R , table S5, medium fill in Fig. 3A ) was highest in late response (45 T 2% in either 48-hour a3+28 or 48-hour T H 17) and lower in early response (20 T 3% in 4-hour a3+28). Although there was no general trend between repeatability and the coefficient of variation, some of the most variable genes, including IL17A/F, IL4, IFNG, and IL9, were also among the most repeatable ( fig. S6) .
Next Fig. 3, A and B Fig. 3A ) was higher in 48-hour activated conditions (9.2 T 0.9%) than in unstimulated T cells (5.8%) and 4-hour activated conditions (~6.6%). Whereas the latter are consistent with previous estimates in whole tissue with identity by descent (28), the higher 48-hour estimates may reflect increased power to detect activation-specific eQTLs.
Repeatable variance attributable to common cis genetic and nongenetic factors varied widely between genes (Fig. 3, A and B) . Cytokine transcripts were repeatable in their expression upon activation for the eight individuals tested, but common genetic variation did not contribute substantially to their variability across the full data set of 348 individuals (Fig. 3B) . In contrast, repeatable variation in cytokine receptors, in particular IL23R and IL2RA, was significantly driven by cis genetic factors (~50%) in activated conditions. Overall, our results suggest that although the T cell response is generally reproducible, common cis genetic effects account for~25% of repeatable variability; physiological covariates account for very little (~4%); and the rest may be due to established environmental effects, immunological history, or trans-genetic regulation.
Population differentiation in T cell response
When examining differences in T cell responses across the cohort of 348 donors with a linear model, ancestry differentiated the expression of 94 of 229 (41%) genes in the two 48-hour conditions (linear regression F test, FDR < 0.01, table S6), explaining a median 7% of the expression variance. We observed ordering in the mean expression of response genes, with a stronger trend of overexpression for donors of African ancestry, lower for European ancestry, and a mixed pattern for Asian ancestry (Fig. 3C ). Differentially responsive genes include key indicators of T H phenotypes, IL17 family cytokines (overinduced in individuals of African ancestry), and IFNG, which showed an opposite pattern. We are cognizant that such differences can be artifactually generated by systematic bias in sampling, batch, or lifestyle confounders, but the differences observed likely have some genetic underpinning because sampling was from the same geographical area, over the same time period, at the same location, under a controlled protocol, and samples from different ancestries were randomly distributed across experimental batches. After adjusting the data for the first eight principal components to account for unknown confounders, the pattern was weakened but still present for many genes (ancestry explaining a median of 2.4 and 2.7% of expression variation in the 48-hour conditions; Fig. 3D and fig. S7 ). Even the most stringent estimates of population differentiation are higher than previous estimates (17, (30) (31) (32) (33) , which may partially be due to enrichment of immune-related genes in our gene set, consistent with previous observations (17, (30) (31) (32) (33) . Further, although the trend was present in unstimulated samples, it was amplified after 48-hour stimulation, indicating that the population differentiation required activation to be manifest.
In addition to genes with known population differentiation resulting from populationspecific genetic polymorphisms [UTS2 and IFITM3 (18, 34)], we detected population differentiation in transcripts encoding cytokines, chemokines, or their receptors (table S6 and Fig. 3C ). Notably, IL2RA was one of the most statistically differentially expressed genes (t test, P < 1 × 10 −16 in both 48-hour activation conditions, P = 0.03 after PCA adjustment): On average, activated T cells from Europeans expressed~15% less IL2RA mRNA than individuals of African ancestry. Together, these results suggest that there is strong population differentiation in T cell responses even after stringent removal of the general response and may include a genetic component.
Genetic variants associated with expression variation during T cell activation and T H 17 polarization
To identify the genetic variants underpinning expression differences, we associated~10 (table S7) . Some of the condition-specific cis-eQTLs were related to transcript levels (Fig. 4, C and D) , but this was not the case for many (Fig. 4 , E and F)-IL2RA was expressed before stimulation, but it only had a significant cis-eQTL in the late activation conditions (rs12251836, meta P < 1 × 10
−16
). The low-expression variant at rs12251836 was rare in African (MAF = 0.13) and Asian (MAF = 0.03) but common in European genomes (MAF = 0.41) (Fig. 4G) .
We identified only six trans-eQTLs at genomewide significance (permutation FDR < 0.2), including rs6498114, a variant in the CIITA locus, a gene known to control MHC class II expression, which fittingly correlated with HLA-DRA expression (table S9) . When restricting to test for trans impact only those SNPs identified as having local cis effects, we identified six other significant signals, such as the association of the IL23R ciseQTLs (rs2064689 and rs2863204) in the a3+28/ T H 17 condition with the change in expression of IL21 between 48-hour a3+28/T H 17 and unbiased stimulation ( 
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Variance analysis by conditioning on IL23R transcript levels excluded that the effect might be due to the nearby H3Q codon change), consistent with the amplification of IL-21 production by IL-23 signals during T H 17 differentiation (36, 37) .
Overlap of genetically variable T cell responses with genome-wide association study loci identifies potential disease-relevant variants
To assess the relevance of activation eQTLs to disease, we intersected our eQTLs with the genomewide association study (GWAS) catalog and identified intriguing disease-associated variants, notably near IL23R and IL2RA (Fig. 5 and table S11), two key cytokine receptors implicated in a number of autoimmune diseases. IL23R encodes the receptor for IL-23, partakes in establishing stable T H 17 differentiation (38) , and is strongly associated with IBD (39, 40) . Here, rs2863204 was the variant most significantly associated with IL23R expression in 48-hour a3+28/ T H 17 (Fig. 5A) . It is not on the same haplotype as the IBD-associated nonsynonymous variant (rs11209026, R381Q) (40) . However, meta-analysis of ulcerative colitis and Crohn's disease separately (40) revealed allelic heterogeneity in IL23R where an additional variant, tagged by rs12095335, is associated with Crohn's disease but not ulcerative colitis (Fig. 5B) . When conditioned on rs2863204, rs12095335 appeared as a secondary association to IL23R mRNA levels (meta P = 2 × 10 −4
; Fig. 5C ), suggesting that there may be at least two independent effects on IL23R expression in the region. The trans-association between these IL23R variants and IL21 expression in the T H 17 condition further implies functional consequences for the region with regard to T H 17 differentiation.
Perhaps most intriguing was the discovery of SNPs associated with IL2RA expression. IL2RA encodes CD25, the high-affinity IL-2 receptor, and has intricately balanced functions, reflecting the divergent roles of IL-2 as a trophic factor for inhibitory T regulatory (T reg ) cells and in aiding the expansion of proinflammatory effector T cells -DQB1  IL2RA  TRGV3  TXN  IFIT5  IFIT2  ENTPD1  IFITM3  FADS2  CD9  MXRA7  MX2  UTS2  LTA  HMMR  BST2  POLR2A  HDGFRP3  TAS2R43  NLRP2  NAPSA  THBS1  SLC27A2 or natural killer cells (41) . Complementary susceptible and protective haplotypes in MS and T1D have been demonstrated (9, 12, 42) . These map to the promoter region or first intron of IL2RA and have been diversely associated with titers of soluble IL-2 receptor, expression of CD25 at the cell surface, or IL-2 signaling efficacy (12, 43, 44) . Three independent haplotypes have been reported to be associated with T1D. The strongest, a protective haplotype tagged by rs12722495 (Fig. 5D ), leads to higher expression of IL2RA in steadystate CD45RA − memory and T reg cells (43) (44) (45) .
Here, rs12251836, the most significant variant associated with IL2RA expression in 48-hour a3+28 activated cells, was unlinked to rs12722495, which showed little signal (Fig. 5E) . However, by conditioning on rs12251836, we detected in our data a secondary association between rs12722495 and IL2RA expression in activated cells (P = 5.3 × 10 Fig. 5F ). Together, these results point to functional effects of at least two independent associations in the IL2RA locus, which may have balancing effects. We surmise that the associated variant rs12251836 is mainly active in acutely triggered T effector cells, but not in T reg cells, because IL2RA mRNA in unstimulated CD4 + T cells would predominantly come from CD25 hi T reg cells, and this association was not apparent in unstimulated cells. On the other hand, the rs12722495 variant, weaker here but dominant in fresh CD4 + blood T cells (43) , might preferentially operate in chronically triggered cells such as T reg cells. On balance, these two variants would then control the effectiveness of IL-2 signals in cells of opposite outcome in a disease context. The divergent GWAS results for T1D and MS may also result from this interplay.
A disease-related SNP affecting YY1 binding and activity of an enhancer motif in IL2RA
Given the overlap between the IL2RA eQTL and autoimmunity-associated GWAS SNPs, we investigated the functional effects of the top five candidate SNPs located in the 5′ flanking and first intron of IL2RA (Fig. 6A) . We first tested for enhancer activity by introducing~200-base pair (bp) fragments centered around each SNP (Fig.  6A ) into a luciferase reporter vector, driven by SV40 or IL2RA minimal promoters, and transfecting them into Jurkat T cells [+/− phorbol 12-myristate 13-acetate (PMA) + ionomycin activation]. Four of the segments were essentially inactive (or even had slight inhibitory effects, fig. S8 ), but fragment IV, which encompasses rs12251836, showed enhancer activity ("836" for short in Fig. 6B) . The A allele, associated with lower IL2RA expression, had lower enhancer activity than the T allele (Fig. 6B) . The higher enhancer function of the T allele was dependent on activation of the Jurkat cells (Fig. 6C) , suggesting that enhancer activity is boosted upon cell activation by interactions affected by the single base change at rs12251836.
We examined whether the rs12251836 SNP affects the binding of transcription factors (TFs). After incubation of nuclear extracts from primary human CD4
+ T cells, we detected protein binding to a 25-bp oligonucleotide encompassing rs12251836 T , but not to the rs12251836
A counterpart (Fig. 6D) . Furthermore, the formation of this DNA-protein complex in primary T cells depended on their stimulation (Fig. 6E) , paralleling enhancer activity in the region. Searching for TF-binding motifs showed that the rs12251836 T sequence has putative (P < 1 × 10
) binding sites for YY1 and RUNX1 straddling the SNP, with a FOX-binding site immediately downstream (Fig. 6F) (46) . The 836 A allele maintains the FOX-binding motif, but the predicted RUNX and YY1 sites are lost. To test these predicted interactions, we expressed epitope-tagged versions of these three TFs and assayed for binding to oligonucleotides spanning this segment. FOXP3 and RUNX1 bound the rs12251836 oligonucleotides equally for both alleles, but binding of YY1 was restricted largely to rs12251836 T allele. The allele-specific binding of YY1 was also confirmed by electrophoretic mobility shift assay (EMSA) ( fig.  S8 ). Furthermore, transfection of a YY1 expression vector boosted the enhancer activity of fragment IV, but only with the plasmid carrying the rs12251836 T variant (Fig. 6G) . These results show that this variant is nested in an activation-augmented enhancer region and mediates differential IL2RA expression by disrupting a functional YY1-binding site.
Discussion
The exploration of how natural variation affects gene expression during human T lymphocyte activation and differentiation identified complex patterns of variability between individuals, more complex than simple T H paradigms. Ancestry had a surprisingly profound effect on these response patterns.
By focusing on primary cells and profiling them in the activated cellular state that has the most likelihood to reveal regulatory variation related to autoimmune pathogenesis, we estimated higher cis heritability and identified novel genetic associations. This work represents the third arm of the ImmVar project, in which the same donors were profiled with respect to fresh immunocytes at baseline (17) and to activation responses in dendritic cells (18) . Sixty-nine of the 112 eQTLs discovered here were not detected in baseline CD4 + T cells of Raj et al. (17) . These eQTLs were discovered for genes of direct importance in antiinfectious responses and autoimmunity (IL23R and IL2RA). Of the eQTLs for IFN-responsive genes, 11 of 15 overlapped with those detected in IFN-treated dendritic cells (18) , reflecting the sharing of IFN-b response pathways. A comprehensive elucidation of the genetic control of immune responses will require similar analyses in an array of relevant cell types under relevant conditions of stimulation.
Are some individuals more prone to mount T Hbiased responses? Of the changes elicited by T cell triggering, cytokine transcripts showed the strongest change in interindividual variance. This diversification did not generally track along simple T H 1/2/17 models but adopted more-complex patterns. This observation is of importance for the relationship between T cell differentiation profiles and immune diseases and for the definition of biomarkers: Rather than correlating disease or therapeutic outcome with levels of a single cytokine, it may be necessary to map individuals to a multidimensional outcome. Very few cis-eQTLs were detected for cytokine transcripts, but many were found for cytokine receptors. This contrast implies that genetic fluctuations are tolerated at cytokine receptor loci, whereas the cytokines themselves may be under more uniform genetic control but vary with environmental cues or the individual's immunological history. In addition, the interindividual variance exhibited a general "responsiveness": a widespread correlation between all cytokines, fine distinctions between clusters of co-regulated cytokines only becoming apparent over time in culture. Thus, individuals vary in the quantitative responsiveness of their T cells, as they do in the qualitative sense. The study uncovered an unexpected but substantial population differentiation in overall immune response and in the expression of genes encoding key cytokines, with a trend toward higher activation in cells from donors of African ancestry. This differentiation was almost as pronounced as that of transcripts well recognized as being differentially expressed between human populations due to known genetic polymorphisms, such as UTS2 or GSTM1. Suggestively, the IL-17 cytokines were in that group, such that these differences may have direct consequences on immunopathology. It is possible that some differences in responsiveness reflect disparate nutritional or environmental influences in addition to the genetic component, but many (34 of 73 in 48-hour a3+28/T H 17) involve cis genetic differences, for instance, the rs12251836 variant that controls IL2RA through differential binding of YY1. The low responder allele is a derived allele, present almost exclusively in donors of European descent but rare in African and Asian descendants. The lower responses to activation and the overrepresentation of the corresponding alleles in European-derived populations suggest that tolerance mechanisms to avoid immunopathology resulting from exuberant T cell responses may also have led to the evolution of protection from autoimmunity.
